The present study provides the 1st report on the effects of selective lesions of the dysgranular portion of the retrosplenial cortex in rats. Excitotoxic lesions of the dysgranular area were sufficient to impair behavior in the radial-arm maze by biasing the strategy used to solve the task. In particular, rats with dysgranular retrosplenial lesions were less reliant on distal visual cues to control performance of a working memory task in the radial-arm maze. Instead, they were more reliant on using a motor turning strategy to solve the task. This change in strategy is consistent with anatomical data showing that the dysgranular region is the primary recipient of visual inputs to the rat retrosplenial cortex.
There is now a consensus that extensive lesions of the rat retrosplenial cortex impair spatial memory tasks in both the radialarm maze and water maze Harker & Whishaw, 2004) . These deficits are closely linked to the fact that the retrosplenial cortex has reciprocal connections with both the hippocampal formation and the anterior thalamic nuclei (Sutherland & Hoesing, 1993; van Groen & Wyss, 1990 , 2003 Vogt & Miller, 1983; Wyss & van Groen, 1992) . In fact, the retrosplenial cortex contains two major subregions-the granular and dysgranular areas. Of these, the granular area has much closer anatomical links with structures containing head-direction cells (anterior dorsal nucleus of the thalamus, postsubiculum; van Groen & Wyss, 1990 , 2003 Vogt & Miller, 1983; Wyss & van Groen, 1992) that are thought to provide navigational information (e.g., Sharp, Blair, & Cho, 2001; Taube, 1998; Taube, Goodridge, Golob, Dudchenko, & Stackman, 1996) . By contrast, the dysgranular retrosplenial cortex has more connections with areas processing vision (e.g., area 17, lateral dorsal thalamic nucleus; van Groen & Wyss, 1992; Vogt & Miller, 1983) . It is, therefore, possible that these two subregions make quite different contributions to spatial memory tests.
Lesion studies have almost always treated the retrosplenial cortex as a single structure; that is, they have included both granular and dysgranular regions (e.g., Harker & Whishaw, 2002; Sutherland & Hoesing, 1993; Vann & Aggleton, 2002) . In the only exception, van Groen, Kadish, & Wyss (2004) compared selective lesions of two different areas within the granular retrosplenial cortex (retrosplenial granular a cortex [Rga] vs. retrosplenial granular b cortex [Rgb] ). The Rgb lesions produced a small impairment on a working memory task in the water maze, whereas the Rga lesions had no apparent effect (van Groen et al., 2004) . The effects of selective dysgranular retrosplenial lesions remain, however, unknown.
It is possible that the spatial deficits following retrosplenial damage solely reflect disruption of the head direction system (i.e., are primarily due to the loss of granular retrosplenial cortex). Alternatively, the spatial deficits might reflect a loss of visual information (i.e., are primarily due to the loss of dysgranular retrosplenial cortex). The present study tested, therefore, whether selective lesions of the dysgranular retrosplenial cortex are sufficient to induce impairments on a test of spatial working memory in the radial-arm maze task. In view of the visual inputs to this region, the animals' relative reliance on intramaze versus extramaze cues was then tested by including a maze rotation condition.
Method

Subjects
Subjects were 20 male pigmented rats (Dark Agouti strain; Harlan, Bicester, UK) weighing between 215 and 256 g at the time of surgery. The rats were housed in pairs and given free access to water throughout the study. All experiments were performed in accordance with the United Kingdom Animals (Scientific Procedures) Act, 1986, and associated guidelines.
Surgery
The rats were deeply anesthetized by intraperitoneal injection of sodium pentobarbital (60 mg/kg). Each rat in the group of 12 that received a dysgranular retrosplenial cortex lesion (Dys) was then placed in a stereotaxic headholder (Kopf Instruments, Tujunga, CA), and its scalp was cut along the midline and retracted to expose the skull. The incisor bar was set at ϩ 5.0. The lesions were made by injecting a solution of 0.09 M N-methyl-D-aspartic acid (NMDA; Sigma, Poole, UK) dissolved in phosphate buffer (pH 7.2). Injections were made in six sites per hemisphere with a 1 L Hamilton syringe (Reno, NV). The stereotaxic coordinates of the lesion placements relative to ear-bar zero were (from the most anterior to the most posterior) anterior-posterior (AP) ϩ4.1, lateral (L) Ϯ0.6; AP ϩ2.5, L Ϯ0.6; AP ϩ0.9, L Ϯ0.8; AP ϩ0.9, L Ϯ1.0; AP Ϫ0.2, L Ϯ1.1; and AP Ϫ1.4, L Ϯ1.3. The depth (in millimeters) from the top of cortex at the six sites was 1.2 (most rostral), 1.2, 2.0, 1.2, 1.6, and 1.2 (most caudal). The volumes of 0.09 M NMDA injected bilaterally at each of the six sites were: 0.3 l (most rostral), 0.3, 0.3, 0.15, 0.25, 0.3, and 0.25 (most caudal) . On completion of all surgeries, the skin was sutured and an antibiotic powder (Acramide; Dales Pharmaceuticals, Skipton, UK) was applied topically. The rats then received subcutaneous injections of 5 l glucose-saline. The 8 rats that served as surgical controls (Sham) received the same surgical procedure and drugs as the rats that received the lesions so that the dura and cortex were exposed. The Hamilton syringe needle was not, however, lowered into the cortex.
Histology
On completion of the experiment, the rats were deeply anesthetized with sodium pentobarbital (100 mg/kg) and perfused transcardially with 0.1 M phosphate-buffered saline followed by 5% (vol/vol) formol saline. The brains were removed and postfixed in 5% formol saline and then transferred to 25% (wt/vol) sucrose overnight. Coronal sections were cut at 40 m on a freezing microtome, and a one-in-three series of sections was mounted onto gelatin-coated slides and stained with cresyl violet, a Nissl stain.
Radial-Arm Maze Apparatus
Testing was performed in an eight-arm radial maze. The maze consisted of an octagonal central platform (34 cm in diameter) with eight equally spaced arms (87 cm long, 10 cm wide). The floor of the central platform and the floors of the eight arms were made of wood, and the wall arms (24 cm high) were made of clear Perspex. Close to the furthest end of each arm was a food well (2 cm in diameter and 0.5 cm deep). At the start of each arm was a clear Perspex guillotine door (12 cm high) that controlled access to and from the central platform. Each door was attached to a pulley system that enabled the experimenter to control access to the arms. The maze was in a rectangular room (295 cm long ϫ 295 cm wide ϫ 260 cm high) that contained salient visual cues such as geometric shapes and high-contrast stimuli on the walls.
Behavioral Training
Once the rats had regained their preoperative weight, they were tested on a series of water-maze tasks in which they were trained to swim a constant distance and direction in order to locate the escape platform. Neither group could perform the tasks above chance levels, nor did the two groups differ on any performance measure. Following this, 5 months after surgery, the rats were food deprived to 85% of their free-feeding body weight while water remained available ad libitum. Pretraining involved three habituation sessions in which the rats were allowed to explore the maze freely for 5 min per session with the guillotine doors raised and food pellets (45 mg; Purified Rodent Diet, Noyes, Hampton, Middlesex, UK) scattered down the arms. Formal training lasted for 18 sessions and consisted of two stages.
Stage 1 (Sessions 1-12) was the standard working memory version of the radial-arm maze task (Olton, Walker, & Gage, 1978) in which the rats' optimal strategy was to retrieve the reward pellets from all eight arms without going down any previously entered arms. At the start of a trial, each of the eight arms was baited with a single food pellet. The rat made an arm choice, retrieved the food pellet from the end of the arm, and then returned to the central platform. All the guillotine doors were then closed for about 5 s before being opened again, permitting the rat to make another arm choice. This continued until all eight arms had been visited. The number of sequential arm choices, defined as successive choices involving immediately adjacent arms in a constant direction, was calculated. Sequential choice responses were measured by giving the rat a score of ϩ1 (clockwise) or Ϫ1 (counterclockwise) if the arm entered was immediately adjacent to the previous choice and 0 for any other arm choice. A higher absolute score reflects the use of a sequential response strategy (Olton & Samuelson, 1976) . In order to control for the total number of arm choices made, the ratio of sequential choice responses was also calculated. Finally, the total number of adjacent arm choices, irrespective of the direction, was calculated.
Stage 2 (Sessions 13-18) was designed to control for the possible use of intramaze cues in performing the task. The start of the session was as before, but after the rat had made four correct choices, it was removed from the maze. The rat was placed in an aluminum traveling box (10 cm wide ϫ 10 cm high ϫ 26 cm long) that was also located in the testing room. The maze was then rotated by 45°, and the remaining food pellets were moved, so that they were still in the same locations with respect to the distal room cues but in different arms. The rat was then returned to the central platform after the 60 s that it took to rotate the maze, and the session continued until all reward pellets had been retrieved.
Results
Histological Analyses
The dysgranular retrosplenial cortex extends in the AP plane for approximately 7.7 mm, and the granular cortex extends for approximately 7.0 mm. The dysgranular retrosplenial cortex is at its smallest at the rostral quarter of the region, where it occupies only a narrow strip of the cortex, and is at its largest caudal to the splenium.
Although all 12 rats had lesions centered in the dysgranular retrosplenial cortex, there was variable involvement of the adjacent granular region. We decided to adopt a strict criterion and so excluded 4 rats with appreciable granular cell loss as well as 2 rats with substantial sparing of the dysgranular cortex. This left a final lesion group of 6 rats (see Figure 1) . In none of these 6 remaining cases was there damage to the corpus callosum, cingulum bundle, or the hippocampal formation. In all cases there was some sparing of the most rostral portion of the dysgranular retrosplenial cortex, where this structure is at its smallest. Although the lesions were entirely restricted to the dysgranular cortex in 2 rats, there was very slight additional damage to the granular b cortex in 4 cases. This damage, which was confined to the border with the dysgranular cortex, was only unilateral in 2 rats. In these cases the lesions encroached for an AP distance of approximately 0.4 mm and 0.7 mm. The remaining 2 rats had very minor, bilateral granular b cortex cell loss, which extended for an AP distance of approximately 0.4 mm and 0.8 mm. It should be added that this minor encroachment affected about 10% or less of the AP extent of the region. The final groups comprised six dysgranular retrosplenial cortex lesions (Dys) and eight surgical controls (Sham).
Behavioral Results
Radial-arm maze performance was analyzed using the number of correct arm entries out of the first eight arm choices and total number of errors (see Figure 2) . For Stage 1 (Sessions 1-12) there was no group difference in correct arm entries, F(1, 12) ϭ 1.74, p Ͼ .20. Likewise, the total number of errors did not show a significant group effect, although it did approach significance, with the Dys group making more errors, F(1, 12) ϭ 4.19, p ϭ .06. There was a significant effect of day on both arm entries, F(11, 132) ϭ 5.68, p Ͻ .001, and errors, F(11, 132) ϭ 3.84, p Ͻ .001, demonstrating an overall improvement in task performance.
An analysis of the sequential choice responses revealed a significant group difference, F(1, 12) ϭ 5.12, p Ͻ .05, as the Dys group made more sequential arm choices (mean Ϯ standard errors: Dys, 2.40 Ϯ 0.25; Sham, 1.49 Ϯ 0.14). There was significant group effect when the ratios of sequential choice responses were analyzed in order to control for the total number of arm choices, F(1, 12) ϭ 5.46, p Ͻ .05. There was, however, no group difference either when the total number of adjacent arm choices, irrespective of direction, was analyzed, F(1, 12) ϭ 2.27, p Ͼ .1, or when these scores were adjusted for the total number of arm choices, F(1, 12) ϭ 1.91, p Ͼ .1. These analyses suggest that the lesion group was using a sequential response strategy to solve the task, that is, choosing adjacent arms in a constant direction.
Stage 2 (Days 13-18) was analyzed separately, as the trials included a rotation of the maze after the first four choices (see Figure 2 ). For these 6 days there was a highly significant group effect using both number of correct entries, F(1, 12) ϭ 22.41, p Ͻ .001, and number of errors, F(1, 12) ϭ 18.49, p Ͻ .005.
To determine whether the rats were performing the task using distal (allocentric) cues, we considered the first arm choice after maze rotation separately. A correct arm choice after rotation was assigned a score of 1 while a reentry was given a score of 0 (maximum score of 6). At this stage four arms had already been entered so there was a 50% chance of getting this first arm entry correct. Inspection of the confidence intervals (95%) for the first entry after rotation revealed that although both groups were above chance this was only marginally so for the Dys group (lower 95% confidence intervals: Dys, 3.21; Sham, 5.36; chance ϭ 3). A comparison of the first arm entry after rotation for the 6 test days revealed a significant effect of group, Mann-Whitney U(6, 8) ϭ 5.0, p Ͻ .05 (mean percent correct, first choice: Sham ϭ 95.8% Ϯ 2.7%, Dys ϭ 75.0% Ϯ 8.3) as the Dys group made more errors.
Discussion
The results of this study are straightforward. Selective lesions of the dysgranular retrosplenial cortex were sufficient to disrupt the performance of a test of spatial working memory in the radial-arm maze. The task was chosen because it is not only sensitive to the effects of hippocampal lesions (e.g., Cassel et al., 1998; Jarrard, 1983) and anterior thalamic lesions (Aggleton, Hunt, Nagle, & Neave, 1996; Byatt & Dalrymple-Alford, 1996) , it is also sensitive to extensive retrosplenial cortex lesions that affect both subregions (Vann & Aggleton, 2002 . Although the group difference during initial acquisition, as measured by total errors, only approached significance, it became evident that the dysgranular lesions had markedly affected how the task was performed. The rats with dysgranular lesions were significantly more reliant on a simple turning strategy (choose the immediately adjacent arm in a constant direction) than the controls. This bias was found even though all of the arm doors were closed between choices, a procedure designed to discourage this strategy (Olton & Samuelson, 1976) . We find it interesting that there was no difference between the two groups when the total number of adjacent arm choices, irrespective of direction, was examined. This null effect shows that the dysgranular retrosplenial lesions caused the animals to turn in a constant direction. Striking differences also emerged in Stage 2, when only the use of distal room cues could ensure accurate performance. The rats with dysgranular retrosplenial lesions were poor at using these distal cues to control their choices, in marked contrast to the surgical controls.
The present study is the first to assess the effects of selective dysgranular retrosplenial cortex lesions on a test of spatial memory. It is clear that dysgranular cortex lesions are sufficient to alter task strategy, even though it is the granular cortex that has arguably more connections with regions involved in navigation using head direction information (Hopkins, 2005; Mizumori, Cooper, Leutgeb, & Pratt, 2000; van Groen & Wyss, 1990 , 2003 . In fact, the nature of the impairment in the Dys group is consistent with the anatomical inputs to the area. The dysgranular region has more connections with visual regions (area 17, the lateral dorsal thalamic nucleus) than the granular region (van Groen & Wyss, 1992) , and this difference may explain the failure of the Dys animals to use distal visual cues (allocentric) to guide performance.
Although dysgranular damage was sufficient to impair performance, it seems unlikely that this is the sole cause of the retrosplenial lesion deficit on spatial tasks. Evidence against this idea comes from the finding that lesions restricted to the Rgb granular region are sufficient to disrupt a working memory task in the water maze (van Groen, Kadish, & Wyss, 2004) . Furthermore, head direction cells are found in both the granular and dysgranular portions of the retrosplenial cortex (Chen, Lin, Green, Barnes, & McNaughton, 1994; . Although a more formal test of this issue will require direct comparisons with a group of rats with complete retrosplenial lesions, it is informative to consider past studies using the same radial-arm maze test. Previous studies of excitotoxic lesions involving both the granular and dysgranular retrosplenial cortex have found that complete lesions do impair performance on both acquisition and subsequent rotation (Vann & Aggleton, 2002 . In contrast to the present study, none of these previous studies found evidence of an increased use of a simple turning strategy during acquisition. These comparisons suggest that selective dysgranular lesions produce an imbalance in retrosplenial function that preferentially affects the use of distal visual cues. Other relevant evidence comes from the finding that temporary inactivation of the retrosplenial cortex can both disrupt initial radial-arm maze acquisition in the light (Cooper & Mizumori, 2001 ) and alter the normal location of hippocampal place cell fields within the radial-arm maze (Cooper & Mizumori, 2001 ). Cooper and Mizumori (2001) conclude that the retrosplenial cortex works in close cooperation with the hippocampus and contributes to the integration of visual and self-motion cues for navigation. The selective inability to use visual information effectively after the loss of the dysgranular cortex could, thus, result in a greater reliance on a simpler response-based strategy.
